Background: Tungsten carbide (WC) and tungsten carbide cobalt (WC-Co) nanoparticles are of occupational health relevance because of the increasing usage in hard metal industries. Earlier studies showed an enhanced toxic potential for WC-Co compared to WC or cobalt ions alone. Therefore, we investigated the impact of these particles, compared to cobalt ions applied as CoCl 2 , on the global gene expression level in human keratinocytes (HaCaT) in vitro.
Background
Engineered nanomaterials are used in large amounts in several industries and an increasing demand, including new types of particles, is anticipated in the future [1] . Their physico-chemical properties, i.e. the small size and the high surface to volume ratio are one of the most interesting characteristics, which is useful for many applications in medicine, chemistry, material sciences and physics. However, these physico-chemical characteristics may be associated with undesired health effects not known for, or different from, the bulk materials. Hence, the field of nanotoxicology is emerging to assess possible hazards of nanomaterials. Several reviews have summarised the potential cellular mechanisms of nanoparticles toxicity such as increase in the production of reactive oxygen species (ROS) and induction of inflammatory responses [2] [3] [4] . The cellular responses appear to be dependent on the physical and chemical properties of the particles, such as particle size, dissolution behaviour, surface reactivity and binding ability [2, 5, 6] .
So far, the majority of in vivo and in vitro studies in nanotoxicology have focussed on endpoints such as vitality, production of reactive oxygen species, immunological parameters or cell death. However, the elucidation of the mode of action and identification of subacute effects with potential implications for chronic toxicity are difficult to obtain from these studies. Therefore, modern toxicogenomic approaches established already in pharmacology and toxicology [7] [8] [9] [10] could be used to unravel the toxicodynamics of nanomaterials. First studies on the effects of nano-or ultrafine particles on global gene expression patterns revealed compound-specific but no general responses due to the exposure to particles [11] [12] [13] [14] . Hence, the chemical composition of the particles seems to play a major role for transcriptional responses. Griffitt and colleagues [11] showed that metal ions (silver and copper) caused similar expression patterns as nanoparticles of the same materials in zebrafish, but the numbers of affected genes were always higher after exposure to the particles. In an in vitro study by Waters et al. [12] it was found that changes in cell viability provoked by silica exhibited a higher correlation with particle surface area than either particle mass or number in macrophages. The majority of biological processes represented by the differentially expressed genes were nearly identical, irrespective of particle diameter.
A toxicogenomic approach has been used in this study to analyse the mode of action of tungsten carbide (WC) and tungsten carbide cobalt (WC-Co) nanoparticles. These nanoparticles are intended to be increasingly used in hard metal industries for the production of wear resistant and hard tools. The major advantage of using WC and WC-Co nano-scaled instead of micro-scaled particles is the increased hardness of resulting composite materials and therefore a prolonged wear lifespan of tools and other products [15] . Cobalt serves as binding agent improving the sintering of hard metals from WC nanoparticles. Therefore, the use of WC-Co particles is favoured in hard metal industries. Potential health implications may be of concern for workers involved in the manufacturing process. Previous studies using μm-sized particles have indicated a lack of toxicity for WC particles but a hazardous potential for cobalt metal particles in vivo and in vitro [16] [17] [18] . A mixture of these μm-scaled powders (WC-Co) exhibited an enhanced toxicity if compared to cobalt metal powder alone [16] [17] [18] [19] [20] . Our previous research also showed toxicity enhancing effects for nano-sized WC-Co compared to WC or CoCl 2 [21, 22] . The increased toxicity was proposed to result from specific interactions of WC and cobalt. Since the International Agency for Research on Cancer (IARC) has classified cobalt as 'possibly carcinogenic' and tungsten carbide cobalt as 'probably carcinogenic' to humans [23] research on the elucidation of the mode of action of nano-sized particles of these materials is of high relevance for occupational health. Ionic cobalt (Co 2+ ) is known to exert hypoxia like responses via stabilising the α subunit of the hypoxia inducible transcription factor (HIF1) [24] [25] [26] . Ubiquitously expressed HIF1α is degraded via oxygen-dependent prolyl-4-hydroxylation under normoxic conditions [27] . These degradation processes are blocked by cobalt binding or oxygen deficiency (hypoxia) which results in enriched HIF1α levels in the cells. HIF1 is a transcription factor that mediates response to hypoxia by regulating the transcription of genes encoding proteins that play key roles in angiogenesis, glucose and energy metabolism, cell survival and proliferation, iron metabolism, and vascular functions [28, 29] . Comparative gene expression studies showed HIF1-mediated responses to be similar for hypoxia and CoCl 2 exposure [8, 30] .
Whether metallic cobalt in nanoparticles, particularly in combination with tungsten, provokes specific toxic effects deviating from or exceeding those observed for dissolved ionic cobalt is not finally clarified yet. Lison and co-workers [31] described the formation of reactive oxygen species (ROS) after a rapid dissolution of cobalt ions out of WC-Co micrometer sized particles in a cell free system, a phenomenon that could not be found with metal cobalt particles or a combination of WC particles with CoCl 2 . Furthermore, another study that evaluated the role of ROS in the interactive toxicity of carbide-cobalt mixtures found no evidence that production of ROS contributed to the toxicity of WC-Co in macrophages [32] . Lombaert and co-workers [33] investigated gene expression in macrophages exposed to micrometer sized WC-Co particles (a mixture of cobalt metal with a median particle size (d 50 ) of 4 μm and WC particles d 50 < 1 μm). They identified differential expression of genes involved in apoptosis regulation, stress response, glucose metabolism, cell signalling, immune response and other pathways. The effects were discussed to be at least partially provoked by dissolved cobalt ions.
In a previous study [21] we have investigated the impact of WC and WC-Co nanoparticles on the vitality of various mammalian cells (lung, skin, colon and oligodendrocyte cell lines; primary neural cell and astroglial cultures). Significant cytotoxic effects were observed for nano-sized WC-Co (33 μg/ml). About 15% of WC and 76% of Co were found to be dissolved after 1 week of storage of the stock solution. Interestingly, WC-Co particles (consisting of 30 μg/ml WC and 3 μg/ml cobalt) showed a higher toxicity than equivalent concentrations of CoCl 2 (3 μg/ml) indicating that leaching of cobalt alone may not explain the toxic effects. It was also demonstrated that the tungsten based nanoparticles could enter various cell types [21, 22] . Based on this study we selected the human skin cell line HaCaT to investigate the effects of WC and WC-Co nanoparticles and cobalt ions on gene expression patterns. Our major goal was to elucidate (1) whether the observed effects indicate specific mode of actions of WC-Co nanoparticles and/or (2) whether the effects can primarily be explained by dissolved Co.
Results
We compared the mode of action of WC and WC-Co nanoparticles and dissolved CoCl 2 in HaCaT cells by recording changes in transcription profiles by microarray analysis. HaCaT cells were exposed to the lowest concentration of WC-Co causing a reduction of cell vitality (33 μg/ml; [21] ) and corresponding concentrations of WC and CoCl 2 . RNA isolated after 3 h and 3 d of exposure from 5 independent biological replicates per treatment was analysed using a commercial human whole genome microarray. Various analyses routines were performed to identify differentially expressed genes, treatment clusters and affected biological pathways.
Identification of differentially expressed genes
SAM analysis of normalised microarray fluorescence intensities for all treatments revealed 1956 significantly differentially expressed genes with about 1146 showing an induction or repression of more than 2fold. The highest number of genes with a significantly altered expression above 2fold was observed after 3 d of exposure (Table 1) . Among the different treatments, exposure to CoCl 2 provoked the strongest changes in gene expression (373 and 826 genes for 3 h and 3 d of exposure, respectively) followed by WC-Co (37 and 248, respectively) and WC nanoparticles (28 and 49 respectively). Comparison of the genes affected by the different treatments revealed a considerable overlap of transcription profiles. The highest commonalities were observed between the gene expression patterns of CoCl 2 and WC-Co after 3 d of exposure (184 genes differentially expressed in both treatments), followed by the exposure to CoCl 2 at 3 h and 3 d (134 genes) and WC/WC-Co at 3 d (31 genes). A list of the genes with the strongest differential expression (>5fold) can be found in Table 2 , the complete set of genes is available in the Additional file 1.
Confirmation of microarray data
In order to verify the microarray results, RT-PCR analysis was conducted using the same set of samples used for the microarrays as well as RNA samples from independent exposure experiments. Twelve genes with significantly differential expression and a minimum of 2fold up-or downregulation were selected for RT-PCR confirmation.
However, care was taken that genes with weak (close to 2fold differential expression) and strong changes (up to 23fold) in expression were included (Figure 1 ). For eight of the selected genes the significant changes of expression could be confirmed (BNIP3, LOXL2, ANGPTL4, CA9, PFKFB4, KRT1, MAL, MMP1). Trends (induction or repression) were conserved between microarray and RT-PCR data for each treatment. The remaining genes (GAPDH, ID2, OLFM4, DSG4) exhibited a high variability and could not be confirmed as statistically significant from controls by RT-PCR.
PCA and cluster analyses
Two methods of descriptive statistics -PCA (principal component analysis) and HCA (hierarchical cluster analysis) -were applied to identify commonalities or differences between treatments based on the patterns of significantly differentially expressed genes. By PCA analysis about 65% of the variability in different treatments was represented by the first 3 components. Four clearly separated clusters, i.e. cells treated with CoCl 2 for 3 h, the same treatment for 3 d, cells treated with WC-Co for 3 d and cells treated with WC for 3 d were identified ( Figure 2 ). All other treatments, including the controls, were not separated and formed a large cluster with apparently weak gene expression changes if compared to controls. WC-treated cells were less clearly separated from controls. This was indicated by the observation that a clear distinct cluster was only demonstrated for PC axis 2 and 3.
Similar results were obtained by HCA, which identified 3 treatment clusters. Both CoCl 2 treatments and the 3 d exposures of WC-Co formed a distinct cluster. All other treatments (controls, WC3d, WC3h, WC-Co3h) were grouped in one cluster (Additional file 2). Gene clustering revealed two clusters with strongly induced genes. Genes of these clusters (i.e. LOXL2, BNIP3, CA9, PDK1, ASB2, EGLN3, ANKRD37, PNCK) are coding for proteins with diverse functions, but some of them are # listed genes were statistically significant different and exhibited at least a 5fold induction or repression in one of the treatments (with respect to controls and based on normalised fluorescence intensity ratios in the microarray analysis); type of gene regulation is indicated as "up" for induction (> 2fold) and "dn" for repression (> 2fold); fields are empty when induction or repression was < 2fold; full table is provided as Additional File 1
BNIP3
Control WC-Co CoCl2 WC100 Gene expression values were converted to percent of the mean of controls and are presented as mean + standard deviation (SD). Statistical differences were analysed with one-way ANOVA followed by Dunnett's post test (treatment vs. control). Values of p < 0.05 were considered statistically significant; *p < 0.05, **p < 0.01.
known to be direct targets of the transcription factor HIF1α (see below). For the remaining clusters it was not possible to identify predominating groups of gene ontology. Therefore, gene clusters were not analysed in detail but two types of pathway analysis were used to identify signalling pathways and biological functions associated with the differentially expressed genes.
Gene set enrichment analysis (GSEA) and identification of affected signalling pathways Pathway analysis was performed by two approaches, with (1) GSEA software [34, 35] using the complete set of gene expression data from the microarray experiments, and (2) the DAVID database [36] using the list of more then 2fold differentially expressed genes previously identified with SAM.
GSEA identified communalities with existing gene sets (enrichment) primarily for induced genes. The highest number of affected gene sets was found for the 3 d WC-Co treatment. The majority of pathways associated with down-regulated gene sets were found after 3 h of exposure with WC-Co. An overview of pathway related gene sets with the highest commonality (based on statistical significance analysis) to the observed patterns of differentially expressed genes is given in Table 3 .
Gene sets related to the hypoxia pathway as well as carbohydrate metabolism were induced by WC-Co and CoCl 2 after 3 d. A significant association with the induction of the hypoxia gene sets was also observed after 3 h of exposure with WC-Co. As indicated by the enrichment of genes for the transcription factor HIF1α (hypoxia inducible factor 1 alpha), regulation via HIF1α may play a major role in provoking the observed changes in hypoxia and carbohydrate metabolism genes. Furthermore, GSEA detected an enrichment of genes related to RNA metabolism and processing as well as genes coding for proteins of the nucleus and the nuclear membrane. These gene sets referred mainly to genes down-regulated after 3 h of exposure to WC-Co nanoparticles. Some of the genes with strong differential repression (> 5fold; e.g. MAL, KRT1, GDF15, MMP1; identified by SAM) were not found to be included in these pathways.
DAVID revealed similar results as GSEA. However, small gene sets, for instance a down-regulation of metallothioneins in the 3 h CoCl 2 exposure, were additionally identified by DAVID. Furthermore, genes coding for several proteins containing a functional prolyl-4-hydroxylase alpha subunit were highlighted as up-regulated for the 3 d of exposure with CoCl 2 and WC-Co.
The complete results of the GSEA and DAVID analyses are provided in the Additional file 3.
Discussion
The increasing use of nanoparticles may also lead to an increased human exposure and adverse health effects. Occupational exposure is one of the most relevant exposure routes. In order to estimate the potential human health impacts of nanoparticles a precise knowledge on their mechanism of action is indispensable. This knowledge allows, for instance, clarifying whether effects are specifically associated with or enhanced by the nanosized dimensions or whether the same type of effects as known for corresponding bulk material or dissolved compounds occurs.
In the present paper we focussed on WC and WC-Co nanoparticles which are used in hard metal industries. Dermal uptake, inhalation or accidental oral uptake present possible routes for occupational exposure for these particles. Our previous study has demonstrated their incorporation into various types of cells. Toxicity was low but enhanced for WC-Co compared to pure WC particles [21, 22] . A transcriptome analysis of human macrophages exposed to μm-sized WC-Co revealed differential expression of genes known to be affected by cobalt as well [33] , providing first evidence that dissolved cobalt seems to play a role in WC-Co toxicity. However, no direct comparison of transcription patterns provoked by nano-sized WC-Co, WC and dissolved cobalt is available so far. In order to model human skin exposure, the human keratinocyte cell line (HaCaT) was selected as experimental model to perform microarray analyses. A number of statistical methods and database analysis tools were used to compare the data sets and perform a detailed pathway analysis.
Transcriptional changes in WC exposed cells
Identification of significantly altered genes revealed only little changes for the exposure of HaCaT cells to WC. Similar observations were made for WC in larger particle size in vitro and in vivo [16, 19] . The weak transcriptomic response may be explained by the physicochemical characteristics, since WC nanoparticles were shown to be chemically inert [21] . The genes detected as differentially expressed with WC were mostly also affected by WC-Co and CoCl 2 (e.g. EGLN3, CA9, BNIP3, LOXL2, PDK1, KRT1, MMP1). This might be due to traces of cobalt and other metals in WC nanoparticle preparations that have been reported at low concentrations of about 5 × 10 -4 μM (described by Bastian et al., 2009 [21] ). Some of the genes, however, showed a reciprocal differential expression pattern. For example, while induced by CoCl 2 , a repression was detected for WC and WC-Co nanoparticles, for e.g. TTLL7, KIT, CHST6, NODAL, WDR64, DES, HS6ST3, DLX2, GPR158. In order to identify potential effects associated with the dimensions of nanoparticles but not related to the chemical compound, we compared our expression data set with 503 genes that were found to be affected by exposure to amorphous silica nanoparticles [12] . In this study, transcriptomic profile of macrophages exposed to amorphous silica particles in two different sizes and different concentrations were recorded. Similar to WC, amorphous silica is known to be chemically inert. Only 29 out of 503 of the silica-sensitive genes were also found to be differentially expressed in our study. Since these genes showed an altered expression with CoCl 2 rather than with WC particles, they may reflect a general unspecific stress response.
Transcriptional changes in WC-Co and CoCl 2 exposed cells
Compared to the effects with WC nanoparticles, more genes were affected by the WC-Co nanoparticles. Most of them were altered by CoCl 2 as well. We found strong overlaps of the expression data of WC-Co and CoCl 2 treated cells, whereas the highest number of genes differentially expressed was found with CoCl 2 . As demonstrated by GSEA analysis, the differentially expressed genes involved in the transcriptional response to WCCo and CoCl 2 could be associated to various biological functions or signalling pathways which are discussed in detail in the following paragraphs.
Whereas most of the affected genes were induced, a number of genes repressed by WC, WC-Co and CoCl 2 exposure have been found as well (e.g. MAL, OLFM4, KRT1, CLCA2, MMP1, IQGAP2). For most of these genes the mechanisms of transcriptional regulation are not known and special pathways related to this group of genes could not be identified.
The role of HIF1 for differential gene expression in WC-Co and CoCl 2 treated cells
Comparison of the pattern of significant genes and gene set enrichment analyses demonstrated similar responses and signalling pathways for cells exposed to WC-Co and CoCl 2 , e.g. genes involved in the metabolism of glycolysis and gluconeogenesis, cell adhesion and the response to hypoxia. Under hypoxic conditions, the α subunit of hypoxia inducible factor 1 (HIF1α) accumulates and induces transcription of diverse target genes. HIF1α is a transcription factor that is ubiquitously expressed but rapidly degraded under normoxic conditions. Cobalt ions are known to stabilise HIF1α under normoxic conditions and therefore exert hypoxia-like cellular responses [24] [25] [26] 37] . Several genes sorted into gene sets related to hypoxia and other pathways e.g. glycolysis and gluconeogenesis, are primary targets of the transcription factor HIF1. To analyse whether such HIF1 target genes were affected by our treatments we generated a list of HIF1target genes (list contained two gene sets from the GSEA C3 TFT database and the "HIF1_Targets" gene set (C2) that was generated after Semenza (2001) [28] ). When the expression of HIF1 primary targets is compared, WC-Co nanoparticles provoke almost the same pattern of induction or repression as CoCl 2 ( Figure 3 ).
HIF1 as an initial factor for downstream regulation
The list of affected HIF1 targets contained transcription factors that could be involved in the regulation of secondary HIF1 targets. One example is SOX2. SOX2 contains a putative HIF1 promotor binding site and was found to be strongly repressed after 3 d of exposure with WC-Co and CoCl 2 . SOX2 is known to play a key role in stem cell generation and pluripotency [38] [39] [40] . Greber et al. (2007) [41] studied the transcription profile of embryonic stem cells and embryonic carcinoma cells following a knock down of SOX2. In HaCaT cells exposed to CoCl 2 , 97 genes with differential expression (26 repressed, 71 induced genes) showed a similar expression pattern if compared to the SOX2 knock down. None of these genes is known as direct HIF1 targets or exhibit HIF1 binding sites and quite a few of them were mentioned in the context of hypoxia earlier.
These genes might be regulated by the SOX2 transcription factor as potential secondary HIF1 targets.
Endothelin 2 (EDN2) is another example for a gene with a putative promoter HIF1 binding site that could be involved in the differential expression of genes in the CoCl 2 treatment. In agreement with the HIF1 promotor binding site, Na et al. (2008) [42] reported the induction of EDN2 after 3 and 6 hours of hypoxic treatment in granulosa cells. Similarly, EDN2 was found to be induced in HaCaT cells exposed to WC-Co and CoCl 2 after 3 h. An induction of other genes of the endothelin complex (EDNRB, EDNRA, ECE2) was detected with the same treatments after 3 d. The induction of collagen mRNA levels and the repression of the matrix metallopeptidase 1 (MMP1) by the endothelin complex was described by Shi-Wen and colleagues [43] . Indeed, an induction of the collagen gene COL5A1 and the repression of the endothelin downstream target MMP1 were detected in HaCaT cells exposed to WC-Co and CoCl 2 for 3 d.
In addition to the sets of genes regulated by HIF1, GSEA identified sets of genes that are regulated by other transcription factors. However, similar to HIF1, transcripts of the genes encoding the transcription factors themselves were not found to be differentially expressed. The list (see Additional file 3) contained transcription factors known to be HIF1α interaction partners -e.g. ARNT (aryl hydrocarbon nuclear translocator, [44] ) -or HIF1 supporting factors -e.g. (AP1, [45] ; Smad3/4; [46] ), but also a number of the enriched gene sets not known to be related to HIF1 or targets of HIF1 (such as BACH2, NEF2, ALX4, PAX3).
By comparing HIF1 target genes with known hypoxia responsive genes it becomes obvious that only part of SOX2  MLLT7  HSPA9B  PRDM13  ATP1B3  ESRRA  PRKAR2A  STC1  P4HA2  FGF11  DDIT4  GYS1  PKM2  G6PC  PIM1  NOS2A  JMJD1A  PPME1  NAV2  GAPDH  SLC2A1  ALDOA  CCND2  ENO1  ERO1L  KCNG3  GBE1  PTPRJ  KIAA0090  TPI1  PGK1  P4HA1  IL1RAP  SLC2A3  SERPINE1  LRP8  ALDOC  HK2  LDHA  SORCS3  PPP1R3C  CA9  BNIP3 Relative gene expression (log 2 ratio) the hypoxia related genes are known to be direct or indirect targets of HIF1. Nevertheless, the fact that most of the genes and pathways affected with WC-Co and CoCl 2 were also observed in toxicogenomic studies investigating hypoxia [8, 47, 48] led us to conclude that the stabilisation of HIF1α via cobalt is an initial step and most of the reactions that are not directly related to HIF1α might reflect downstream events.
Cobalt ions as co-factor substitute
In CoCl 2 treated cells the YY1 transcription factor was identified as a potential master regulating factor with GSEA. YY1 is a ubiquitous transcription factor with fundamental biological functions. Its role in cancer biology is also intensely discussed [49] . An interaction of YY1 with cobalt was not yet described but might be conceivable, because YY1 contains four zinc finger domains. The substitution of zinc ions and other divalent metal ions by Co 2+ is often discussed to play a role in transcription factor domains, DNA repair mechanisms and calcium metabolism [50] [51] [52] . The transcriptional changes of YY1 target genes after the CoCl 2 exposure indicate an induction or enrichment of the YY1 protein but it remains unclear, whether the substitution of zinc ions by Co 2+ is responsible for that. In HaCaT cells, a significant depletion of intracellular Zn 2+ and Mg 2+ after CoCl 2 exposure was described by Ortega and colleagues [53] . A substitution of magnesia ions by Co 2+ may result in the interruption of ATPases and the energy balance of the cell [54] . It is proposed that ion substitution plays a role in uptake mechanisms of cobalt ions into cells, which evidently happens via cation-dependent ionic pumps [50, 53] . Although we found gene sets related to metal ion or cation ion binding proteins to be affected, we did not detect an enrichment of gene sets connected to the described effects resulting from ion substitution.
Differential expression of protein kinases and phosphatases
It was noticed that in WC-Co and CoCl 2 exposures several kinases and phosphatases exhibited a differential expression. Kinases are a major group of proteins involved in endocytosis [55, 56] . In a knock-down study of Pelkmans and colleagues (2005) [56] 209 kinases with known important functions in several pathways were identified to be involved in endocytosis. Interestingly, most of the pathways they could link with endocytotic processes were also affected in our study (e.g. mTOR, Wnt, integrin/adhesion, RTKs/RSTKs, GPCR).
Protein tyrosine phosphatases (PTPs) and kinases as well as enzymes of the phosphoinositol-3-kinase family (PI3Ks) seem to play a special role in the response to cobalt. The latter have been described as possible upstream regulators of HIF1α [57] [58] [59] [60] and have functions in some of the pathways found to be induced (e.g. Insulin-, IGF1-, PPARα-pathway; based on GSEA analysis). PTPs are known to be signalling molecules that regulate a variety of cellular processes including cell growth, differentiation, mitotic cycle, and oncogenic transformation. Some genes coding for PTPs were not only affected by the cobalt containing treatments but also by WC (PPFIA4, PTPRT, PTPRZ1). Since kinases and phosphatases are also involved in the cellular response to various kinds of environmental stress, their altered expression may be related to a cobalt-induced and/or a particle uptake related stress response.
Oxidative stress and transcriptional response
The production of reactive oxygen species (ROS) and the subsequent induction of oxidative stress are discussed as major modes of action of nanoparticles [2, 61, 62] and was also described to be involved in the cellular response to cobalt ions [54, 63, 64] . Nevertheless, genes or gene clusters that are related to oxidative stress responses could not be found within our data set of differentially expressed genes. This was confirmed by a lack of ROS production in HaCaT cells for any of the treatments (manuscript in preparation).
Cobalt ions and WC-Co toxicity
Cobalt is an essential trace element for humans, but becomes toxic at high concentrations. In a previous study, we analysed acute toxicity by measuring cell viability of HaCaT cells after same exposure conditions as performed in this study [21] . Altered proliferation or morphological changes of the cells were not observed. Toxicity of CoCl 2 was indicated by decreasing cell viability at concentration of 100 μM (corresponds to 6 μg/ml) and above. Lower concentrations of CoCl 2 have not been observed to cause acute toxicological reactions in several cells in vitro, including in HaCaT cells [21, 54, 65] . Intense transcriptional changes were observed in this study at concentrations slightly below those causing in vitro toxicity. The differentially expressed genes may serve as indicators for potential long term effects and may also be useful for investigations of molecular mechanisms.
WC-Co nanoparticles exhibited an increased toxicity in previous studies performed in different types of cell lines (human and fish) when compared to WC particles and CoCl 2 [21, 22] . Viability of HaCaT cells was slightly (15%) decreased after 3 days of exposure. This enhanced toxicity was discussed as either a result of increased cellular cobalt uptake associated with the uptake of WC particles -the so called "Trojan horse" hypothesis [61] -or a result of unknown combinatory effects of WC particles and cobalt. The "trojan horse" theory is supported by studies showing increased toxicity of nanoparticles with leaching ions compared to the ions alone [11, [66] [67] [68] . However, analysing the global transcriptional response of HaCaT cells to WC-Co nanoparticles and equivalent WC and cobalt treatments, no evidence for either of these theories could be provided. The number of transcriptional changes was more pronounced in CoCl 2 exposed cells, but particularly the regulation of genes resulting from cobalt dependent stabilisation of HIF1α was similar for both, WC-Co and CoCl 2 . The patterns of transcriptional regulation clearly indicate that the majority of the effects were associated with cobalt ions and did not indicate a special type of interaction between WC and cobalt. However, the enhanced toxicity of WC-Co with respect to CoCl 2 appears to be mediated via unknown non-transcriptionally regulated pathways.
Conclusion
Analysis of gene expression patterns in the human keratinocyte cell line HaCaT demonstrated that the transcriptional response to WC-Co nanoparticles is mainly caused by cobalt ions leaching from the particles. While WC nanoparticles alone do only show very weak effects in expression patterns, WC-Co and CoCl 2 exhibited significant transcriptional changes in genes involved in carbohydrate metabolism, hypoxia response, endocrine pathways, cell adhesion and others. The cobalt-sensitive transcription factor HIF1 plays an important role in the regulation of genes involved in these pathways, showing that WC-Co nanoparticles exert hypoxia-like responses similar to CoCl 2 . The subacute response to CoCl 2 was analysed and discussed with respect to downstream events of HIF1 and involvement of other transcription factors (e.g. SOX2, YY1) in cobalt toxicity. A simplified scheme of potential major pathways resulting from cobalt reactions within the cell is provided in Figure 4 .
However, while detailed analyses of transcriptional regulations clearly indicate that leached cobalt is likely to be the major trigger for gene regulation in cells exposed to WC-Co, the changes in transcription patterns do not explain the enhanced toxicity of WC-Co if compared to equivalent concentrations of WC or CoCl 2 . This enhanced toxicity is suggested to be mediated by unknown combinatory effects of WC and cobalt not reflected primarily at the transcriptional response level. However, support or rejection of this hypothesis requires further investigations.
Methods
Preparation and characterisation of particle suspensions and cobalt chloride solutions Particles and exposure conditions used in this study were identical to those in a previous study which also describes details of the particle preparation, characterisation and behaviour in cell culture media [21] . Briefly, particle suspensions with a concentration of 100 μg/ml were prepared from tungsten carbide (WC) and tungsten carbide cobalt (WC-Co; 10 mass % cobalt content) powders as described in detail by Bastian et al. [21] . Particles exhibited a Brunauer-Emmett-Teller (BET) specific surface area of 6.9 m 2 /g (WC) and 6.6 m 2 /g (WC-Co). A mean particle size 56 and 62 nm was calculated from BET values (d BET ) for WC and WC-Co, respectively. By dynamic light scattering a mean particle size of 145 ± 5 nm for both WC and WC-Co was estimated (calculated according to DIN ISO 13321 [69] ). Similar ranges of particle size distribution and morphology were measured for both types of particles. Particle size was shown to be stable in cell culture media supplemented with FBS (see also [21] ). One week after the preparation of the suspension about 6% of tungsten from WC and 15% of tungsten and 76% of cobalt from WC-Co were found to be dissolved [21] .
Exposure of cells to nanoparticles was performed using stock suspensions of 300 μg/ml WC (in water) and 330 μg/ml WC-Co (consisting of 300 μg/ml WC and 30 μg/ml cobalt, in 0.03% sodium polyphosphate, see Bastian et al. [21] ). Particle suspensions were sterilised by autoclaving and treated for 10 min with ultrasound (Merck Eurolab, Darmstadt, Germany) to disperse aggregates before exposure of cells. Previous investigations did not reveal any changes in particle characteristics by autoclaving and re-dispersing [21] .
A cobalt chloride (Fluka/Sigma-Aldrich, Seelze, Germany) stock solution of 10 mM was prepared in distilled water, sterilised by autoclaving and diluted with cell culture grade water (PAA Laboratories, Pasching, Austria). All suspensions and solutions were kept at 4°C.
HaCaT cell culture and exposure of cells
The permanent human keratinocyte cell line, HaCaT (purchased from CLS -Cell Lines Service, Eppelheim, Germany) [70] , was maintained in RPMI medium ('Roswell Park Memorial Institute' medium; Biochrom, Karlsruhe, Germany) supplemented with 5% (v/v) FBS and 1% (v/v) penicillin/streptomycin. Cells were cultured in monolayers at 37°C in a humidified, 5% (v/v) CO 2 -atmosphere and sub-cultured twice a week in 75 cm 2 flasks (Techno Plastic Products AG, Trasadingen, Switzerland); passages 30 to 40 were used for experiments. For subculturing, cells were washed three times with Versene (Invitrogen/Gibco, Berlin, Germany) and detached by trypsin (0.25% (v/v) in phosphate-buffered saline (Biowest, Renningen, Germany).
Cells were counted using a haemocytometer and seeded at densities of 2 × 10 5 cells/ml for 3 d of exposure or 5 × 10 5 cells/ml for 3 h of exposure, respectively in a final volume of 10 ml per 75 cm 2 flasks. In order to synchronise proliferation prior to exposure with nanoparticles, cells were allowed to grow for 24 h in RPMI with 5% FBS and subsequently for 24 h in RPMI without FBS for synchronisation [71] . Subsequently, cells were exposed to 30 μg/ml WC, 33 μg/ml WC-Co (cobalt content was 3 μg/ml), or 3 μg/ml cobalt chloride by mixing RPMI containing 5% FBS with 10 fold concentrated stock solutions. Exposure was performed in the dark with 5 independent replicates (performed at different days using different cell passage numbers).
Controls were performed with the water used for the preparation of particle suspensions. The WC-Co suspension also contained polyphosphate (0.003% v/v). However, polyphosphate was not included in controls since the final polyphosphate concentration did not exceed the normal sodium phosphate concentration in cell culture media. Furthermore, no evidences for any effect of low polyphosphate concentrations on cell vitality and function was observed in a previous study [21] . As also shown previously [21] , nanoparticles did not aggregate during the exposure period if exposure was performed in FBS supplemented cell culture medium.
RNA extraction
Total RNA was extracted from 75 cm 2 cell culture flasks with 1 ml Trizol reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions. RNA samples were additionally purified using the RNeasy Kit (Qiagen, Hilden, Germany), RNA qualities and quantities were determined with the Experion detection system (Biorad, Munich, Germany).
Microarray experiments
The effect of the different treatments on transcription profiles of HaCaT cells was compared by microarray analysis (whole genome human 44K array, Agilent Technologies, Böblingen, Germany). Therefore, microarray hybridisations were performed for each treatment (control, WC 30 μg/ml, WC-Co 33 μg/ml, CoCl 2 3 μg/ml; 3 h and 3 d exposure each) with 5 independent biological replicates. All hybridisations were performed against a common reference RNA [72] consisting of a mixture of equal amounts of RNA from all treatments. Synthesis of cDNA, cRNA and cRNA-labeling was performed with the Agilent Low RNA Input Linear Amplification Kit according to the manufacturer's instructions. cRNA was labelled with Cy3 (controls and treatments) and Cy5 (common reference). Cy3 and Cy5 labelled cRNA were combined and hybridised to the microarray slides in the DNA Microarrays Hybridisation Oven (Agilent Technologies). Slides were scanned with the Agilent DNA Microarray Scanner (Agilent Technologies). Hybridisation and scanning were performed according to standard protocols of the manufacturer.
Microarray data analysis
Dye-normalised fluorescent intensities of individual microarray spots were extracted using the Agilent Feature Extraction software 9.5. Data were further normalised by dividing the Cy3/Cy5 ratio of each treatment by the mean Cy3/Cy5 ratio of the controls. Data were then analysed using the TMEV software version 4.3 (http:// www.tm4.org/) [73] . Genes with significantly altered expression patterns were identified by a modified t-statistic (SAM = significance analysis of microarrays) [74] . Multiple comparison of the complete data set was performed using the lowest possible false discovery rate that allows identification of significantly differentially expressed gene (FDR < 0.03%). Further descriptive analysis by hierarchical clustering (TMEV 4.3) and principal component analysis (PCA, JMP 8.0, SAS institute; http:// www.jmp.com) was restricted to the statistically significant genes. Fold changes (FC) of expression levels were calculated using the mean values of each treatment and the mean of the respective controls. A complete list of FC-values of all significantly differentially expressed genes is included in the supplementary information section of this paper (Additional file 1). The microarray data have been submitted to the Gene Expression Omnibus (GEO) database (series no. GSE16727, http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE16727).
Gene set enrichment and pathway analysis
In order to identify biological pathways and functions associated with the changes in gene expression patterns, transcription profiles were analysed by Gene Set Enrichment Analysis (GSEA) [34, 35] (http://www.broad.mit. edu/gsea/). GSEA is based on ranking of the genes according to their statistical significance and comparison of the patterns to sets of predefined genes. These predefined gene sets are provided by the Molecular Signatures Database (MSigDB) and include five different types of databases (C1 to C5). For our analyses we used the databases C2 (gene sets collected from various sources such as online pathway databases, publications in PubMed including microarray studies, and knowledge of domain experts), C3 (transcription factor targets, i.e. genes that share a transcription factor binding site defined in the TRANSFAC database version 7.4, http:// www.gene-regulation.com/) and C5 (gene sets of the Gene Ontology (GO) database, http://www.geneontology.org). Further details are explained on the MSigDB homepage http://www.broad.mit.edu/gsea/msigdb/index. jsp. Since GSEA does not allow the analysis of multiple datasets, analysis was performed pair wise comparing each treatment with the control.
Furthermore, pathway analysis was performed by means of the Database for Annotation, Visualisation and Integrated Discovery (DAVID) [36] (http://david.abcc. ncifcrf.gov/)using the list of differentially expressed genes identified by SAM (see above).
RT-PCR
cDNA was synthesised from RNA using the RevAid™ First Strand cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany) according to the manufacturer's instructions. Primers were designed using the computer program Primer3 [75] or Beacon Designer 7 (Premier Biosoft, Palo Alto, USA; (http://www.PremierBiosoft. com) and purchased from Invitrogen. Primer sequences are listed in Table 4 .
Target genes and the reference gene RPL41 [76] were amplified from 1 μl of cDNA using 1 unit of Taq Polymerase (Promega, Mannheim, Germany), 50 mM TRISHCl (pH 9.0, Serva, Heidelberg, Germany), 1.5 mM MgCl 2 (Sigma, Steinheim, Germany), 15 mM (NH 4 ) 2 SO 4 (Sigma), 0.1% (v/v) Triton-X 100 (Merck, Darmstadt, Germany), 0.2 mM dNTPs (MBI Fermentas) and 0.6 
